The El Niño of 1997-98 was one of the strongest warming events of the past century; among many other effects, it impacted phytoplankton along the Peruvian coast by changing species composition and reducing biomass. While responses of the main fish resources to this natural perturbation are relatively well known, understanding the ecosystem response as a whole requires an ecotrophic multispecies approach. In this work, we construct trophic models of the Northern Humboldt Current Ecosystem (NHCE) and compare the La Niña (LN) years in 1995-96 with the El Niño (EN) years in 1997-98. The model area extends from 4°S-16°S and to 60 nm from the coast. The model consists of 32 functional groups of organisms and differs from previous trophic models of the Peruvian system through: (i) division of plankton into size classes to account for EN-associated changes and feeding preferences of small pelagic fish, (ii) increased division of demersal groups and separation of life history stages of hake, (iii) inclusion of mesopelagic fish, and (iv) incorporation of the jumbo squid (Dosidicus gigas), which became abundant following EN. Results show that EN reduced the size and organization of energy flows of the NHCE, but the overall functioning (proportion of energy flows used for respiration, consumption by predators, detritus and export) of the ecosystem was maintained. The reduction of diatom biomass during EN forced omnivorous planktivorous fish to switch to a more zooplankton-dominated diet, raising their trophic level. Consequently, in the EN model the trophic level increased for several predatory groups (mackerel, other large pelagics, sea birds, pinnipeds) and for fishery catch. A high modeled biomass of macrozooplankton was needed to balance the consumption by planktivores, especially during EN condition when observed diatoms biomass diminished dramatically. Despite overall lower planktivorous fish catches, the higher primary production required-to-catch ratio implied a stronger ecological impact of the fishery and stresses the need for precautionary management of fisheries during and after EN. During EN energetic indicators such as the lower primary production/total biomass ratio suggest a more energetically efficient ecosystem, while reduced network indicators such as the cycling index and relative ascendency indicate of a less organized state of the ecosystem. Compared to previous trophic models of the NHCE we observed: (i) a shrinking of ecosystem size in term of energy flows, (ii) slight changes in overall functioning (proportion of energy flows used for respiration, consumption by predators and detritus), and (iii) the use of alternate pathways leading to a higher ecological impact of the fishery for planktivorous fish.
a b s t r a c t
The El Niño of 1997-98 was one of the strongest warming events of the past century; among many other effects, it impacted phytoplankton along the Peruvian coast by changing species composition and reducing biomass. While responses of the main fish resources to this natural perturbation are relatively well known, understanding the ecosystem response as a whole requires an ecotrophic multispecies approach.
In this work, we construct trophic models of the Northern Humboldt Current Ecosystem (NHCE) and compare the La Niña (LN) years in 1995-96 with the El Niño (EN) years in 1997-98. The model area extends from 4°S-16°S and to 60 nm from the coast. The model consists of 32 functional groups of organisms and differs from previous trophic models of the Peruvian system through: (i) division of plankton into size classes to account for EN-associated changes and feeding preferences of small pelagic fish, (ii) increased division of demersal groups and separation of life history stages of hake, (iii) inclusion of mesopelagic fish, and (iv) incorporation of the jumbo squid (Dosidicus gigas), which became abundant following EN. Results show that EN reduced the size and organization of energy flows of the NHCE, but the overall functioning (proportion of energy flows used for respiration, consumption by predators, detritus and export) of the ecosystem was maintained. The reduction of diatom biomass during EN forced omnivorous planktivorous fish to switch to a more zooplankton-dominated diet, raising their trophic level. Consequently, in the EN model the trophic level increased for several predatory groups (mackerel, other large pelagics, sea birds, pinnipeds) and for fishery catch. A high modeled biomass of macrozooplankton was needed to balance the consumption by planktivores, especially during EN condition when observed diatoms biomass diminished dramatically. Despite overall lower planktivorous fish catches, the higher primary production required-to-catch ratio implied a stronger ecological impact of the fishery and stresses the need for precautionary management of fisheries during and after EN. During EN energetic indicators such as the lower primary production/total biomass ratio suggest a more energetically efficient ecosystem, while reduced network indicators such as the cycling index and relative ascendency indicate of a less organized state of the ecosystem. Compared to previous trophic models of the NHCE we observed: (i) a shrinking of ecosystem size in term of energy flows, (ii) slight changes in overall functioning (proportion of energy flows used for respiration, consumption by predators and detritus), and (iii) the use of alternate pathways leading to a higher ecological impact of the fishery for planktivorous fish. Ó 2008 Elsevier Ltd. All rights reserved.
Introduction
The northern part of the Humboldt Current Ecosystem (HCE) off Peru has been modelled with carbon and nitrogen budget models (Dugdale and MacIsaac, 1971; Walsh and Dugdale, 1971; Walsh, 1981) , mass balance models (Jarre et al., 1989 (Jarre et al., , 1991 Jarre and Pauly, 1993; Ballón, 2005) , a size-based carbon flow model (Carr, 2003) and an empirical carbon flow model (Jahncke et al., 2004) . Mass balance models have also been applied in the southern HCE off Chile (Wolff 1994; Ortiz and Wolff, 2002; Arancibia et al., 2003; . These models have permitted comparisons between the HCE and other eastern boundary current ecosystems (Jarre, 1998; Jarre and Christensen, 1998; Moloney et al., 2005) . However, none of these models have focused on the impact of the interannual variability associated with El Niño (EN).
According to Alheit and Niquen (2004) , a regime shift occurred in Peruvian waters between 1968 and 1970, wherein waters warmed and zooplankton and anchovy (Engraulis ringens) biomass decreased, followed by an increase in sardine (Sardinops sagax) stocks. However, another regime shift back to cold conditions occurred during [1984] [1985] [1986] , in this case characterized by an increase of phytoplankton and zooplankton biomasses (see Ayon et al., 2008) associated with excellent recruitment of anchovy but decreases in sardine biomass. Arntz and Fahrbach (1991) summarized the effects of the 1982-83 EN on the Northern Humbolt Current Ecosystem (NHCE). During EN, in the NHCE near surface temperature increases and the thermocline deepens, causing a collapse of the diatom-based trophic web, with emigration of anchovy and immigration of tropical and oceanic species. Gutierrez (2001) and Bertrand et al. (2004) described the effects of the 1997-98 EN on anchovy distribution and abundance, confirming that anchovy move to deeper waters but finding that the main spatial effect was concentration of stocks very nearshore. These authors attribute an apparent reduction in anchovy biomass to decreased effectiveness of acoustic sampling, unfavorable environmental conditions, increase of natural mortality due to poor feeding conditions, and to a much lesser degree, to mortality due to predation and fishing. Bouchon et al. (2001) analysed the ichthyofauna fluctuations over an El Niño Southern Oscillation (ENSO) cycle and concluded that in cold years the pelagic community is characterized by a high productivity and a low diversity (abundant diatoms and anchovy), but in warm years this pattern is reversed due to the immigration of offshore and tropical species and the reduction of anchovy. While responses of the main fish resources to EN-related perturbations are relatively well known (Aguilar, 1999; Tarazona et al., 2001) , understanding the ecosystem response as a whole requires a multispecies 'ecotrophic' approach. Given the observed changes in biomass and species composition, it is expected that a strong EN impacts the food web, reducing or redistributing the main energy channel that flows through anchovy under La Niña (LN) conditions. Previous models of the NHCE (Jarre et al., 1991) , which described the flow of energy through the ecosystem during three decades (1953-1959, 1960-1969, 1973-1979) , brought great understanding of ecosystem functioning. Now however, biological changes, new data sets, and the advancement of trophodynamic modeling permit construction of more detailed models through the inclusion of additional 'functional groups' of organisms (see also Guenette et al., 2008) . In this paper we divided the phytoplankton compartment into two groups (diatoms and dino-and silicoflagellates) and zooplankton into three groups (micro-, mesoand macro-zooplankton) to account for the feeding preferences of different small pelagic fish. We incorporated the groups of mesopelagic fish and jumbo squid (Dosidicus gigas), which have gained in importance since the last 1997-98 EN. We also increased the detail of demersal groups and separated the hake into three different life history stages. The ecotrophic model framework is a simplified approach where species are aggregated into functional groups. Each group is represented by two linear equations, each of which must balance. One equation ensures balance between groups in the model, the other equation, balances the flows within each group.
The objective of this study is to compare such improved mass balance trophic models for a cold LN conditions (1995-96) versus a warm EN (1997-98) conditions, with the a priori hypothesis that the EN perturbation should decrease ecosystem organization. This paper also provides the basis for further explorations of ecosystem dynamics (Taylor et al., this 2008a) , wherein non-steady state simulations of ecosystem change during and following the 1997-98 EN are performed and evaluated. In dynamic models, biomass changes are expressed in form of coupled differential equations derived from mass balance models equations.
Methods

Input data
Our models of the Northern Humboldt Current Ecosystem (NHCE) extend from 4°S to 16°S, and 60 nm offshore, covering an area of approximately 165000 km 2 (Fig. 1 Christensen et al., 2005) . Mass balance models are based on two equations for each functional group i (Christensen and Pauly, 1992) .
The energy balance equation
where Q i = prey consumption, P i = production, R i = respiration, UF i = unassimilated food (including excretion and egestion) and, the production components equation
where M0 i = non-predatory mortality (expressed as a function of ecotrophic efficiency, EE i ), M2 i = predatory mortality (expressed as a function of diet composition, DC), EX i = export (including catch C i and net migration, NM i ), BA i = biomass accumulation. EE i is the proportion of the production that is utilized in the system and is defined as
Thus, for each functional group, required input data is: wet weight biomass (B, t km À2 ), production/biomass ratio (P/B, y À1 ), consumption/biomass ratio (Q/B, y À1 ), catch (C, t km À2 y
À1
) and diet composition (DC) for each functional group. One unknown parameter (either B, P/B, Q/B or EE) can be estimated when solving the system of linear equations.
Input data for the models were gathered from published and unpublished sources (Table 1) . Catch values were obtained from IMARPE (2006) landing statistics and the Sea Around Us (2006) database; some values of production/consumption ratio (P/Q) and unassimilated food (UF) were obtained from Moloney et al. (2005) . Sea surface phytoplankton biomass was calculated from relationships of upwelling area vs. chlorophyll a (chl. a) threshold as calculated by Nixon and Thomas (2001) . Conversion factors of carbon/chl. a = 40 (Brush et al., 2002) and wet weight/carbon = 14.25 (Brown et al., 1991) were used to estimate wet weights. Proportion of diatoms vs. silico-and dinoflagellates during LN and EN conditions were obtained from a time series (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) of species cell counts carried out by Universidad Nacional Mayor de San Marcos UNMSM at Ancón Bay, Central Peru (77°11 0 W-11°46 0 S). Phytoplankton cell counts were converted to biovolumes using the geometric formulas and software of Sun and Liu (2003) ; cell dimensions were obtained from the literature (e.g. Strickland et al., 1969; SERC, 2006; NODC, 2001) or measured under a microscope at the UNMSM. To convert biomass units from m 3 to m 2 , a mixed layer depth of 40 m was estimated by averaging vertical profiles of chl. a from several latitudes along the Peruvian coast with data from Calienes et al. (1985) . Individual zooplankter body masses were estimated from abundance and biomass data (Ayón and Arones, 1997a,b) and zooplankter biovolumes were calculated from individual counts by taxonomic group using length:-weight relationships from Rippe (1996) with body dimensions obtained from Santander et al. (1981) and Wangelin and Wolff (1996) . Such biovolume conversions were also needed to convert stomach content data for sardine and anchovy (numbers of phytoplankton cells and zooplankton individuals per stomach by species) into fractions by weight. In an Ecopath model, the Pedigree Index (P) permits assignment of quality or confidence ratings to each parameter. Qualitative pedigree index values were assigned as in Table 2 . Based on the individual index values (I ij ) an overall Pedigree Index (P) is calculated using
where I ij is the pedigree index value for group i and parameter j for each of the n living groups in the ecosystem. For the models constructed here, P was 0.638 (P scales between 0 and 1; t * = 4.54, n = 32, p < 0.001), indicating good model quality with parameters mostly based on local data. For comparison, of 50 Ecopath models reviewed by Morissette (2007) , only four models had higher pedigree indices than the present study (upper 7.5%).
Conservative estimates of biomass of some groups were calculated by the software assuming an ecotrophic efficiency of 0.95 (microzooplankton, macrozooplankton, gelatinous zooplankton, small pelagics, small demersals and other cephalopods). Ecotrophic efficiency (0 < EE < 1) and gross efficiency (0 < GE < 0.4) served as constraints for balancing the models. Gross food conversion efficiency is estimated using
Energy flow balance of models was achieved by tuning the diets of some groups. The dietary composition for functional groups is presented in Table 3 . Based on the input data, the Ecopath software calculated ecosystem indicators which describe the state of an ecosystem in terms of energy flows. Behavior of trophic, fishery, energetic and network ecosystem indicators have been related to theories of ecosystem maturity (Odum, 1969) and health (Ulanowicz, 1997) (see Table 4 for a description). The trophic level of a group (TL) is calculated as the mean trophic level of its prey plus 1, assuming that primary producers and detritus groups have a trophic level of 1.0. Thus, trophic level is calculated using
where DC ij is the fraction of prey i in the diet of the predator j.
The transfer efficiency (TE) of each discrete trophic level is defined as a measure of the fraction of input to each of the aggregated trophic levels that is passed on to the next level, that is, the fraction that is either consumed by predators or harvested
where n is the trophic level.
Results and discussion
Biomass and catch changes
Tables 5A and B presents results for LN and EN conditions, respectively. The model synthesizes available data and estimates additional parameters (bold type in Table 5 ) that define the relationships between the functional groups of organisms in the model. During the LN conditions diatoms, mesozooplankton, anchovy, horse mackerel, mackerel and jumbo squid dominated in biomass in their respective trophic levels. During EN conditions, biomasses of most groups decreased (anchovy, jumbo squid, horse mackerel, hake, demersal fishes, seabirds and pinnipeds), mainly due to a bottom-up control originating from biomass reduction in the lower trophic levels (diatoms, micro-and mesozooplankton). During EN conditions, macrobenthos biomass increased, mainly in the central zone off Peru (10-15°S; Quipuzcoa et al., 2001) , probably because bottom oxygen concentrations increased, improving conditions for many organisms. However, biomasses of demersal fish species decreased (e.g. hake, small demersals).
Biomasses of some groups increased during EN (Fig. 2 ), possibly being favored by low nutrient conditions or higher temperatures (dinoflagellates, macrozooplankton) and/or immigration of some fish (mesopelagics, small pelagics, large pelagics and Table 1 Input data for the models of the NHCE and their sources. Biomass (B), production (P), consumption (Q) and catch (C) 1995-96 1997-98 1995-96 1997-98 1995-98 1995-96 1997- Alamo et al. (1996a Alamo et al. ( , 1996b , Alamo et al. (1997a Alamo et al. ( , 1997b , Alamo and Espinoza (1998) , Blaskovic et al. (1998) , Espinoza et al. (1998a Espinoza et al. ( , 1998b , Blaskovic et al. (1999 Csirke et al. (1996) , diet calculated from Alamo et al. (1996a Alamo et al. ( , 1996b , Alamo et al. (1997a Alamo et al. ( , 1997b , Alamo and Espinoza (1998) , Blaskovic et al. (1998) , Espinoza et al. (1998a Espinoza et al. ( , 1998b , Blaskovic et al. (1999 (Fig. 3) , with the exception of sustained high catch changes of mackerel and catfish during EN (whose fishing mortalities were quite low in the cold period). Total catches decreased 41% during EN and the ratio of total catch to biomass decreased 19% (Table  6 ). A slope < 1.0 in Fig. 3 indicates that biomass changes do not translate immediately or fully into catch changes. Future management measures, should consider that EN-related reduction of catches should be at least proportional to the reduction of biomasses, allowing the exploitation rate (F/Z) to be maintained. The general biomass and catch reductions during EN can also be appreciated in the pyramids given in Fig. 4 .
Separation of phytoplankton into two functional groups (diatoms and silico-dinoflagellates) permits description of alternate pathways and differential responses of consumers. The reduction of diatom biomass during EN forced remaining omnivorous planktivorous fishes (anchovy and other small pelagics) to prey more on zooplankton in the model, (increasing their trophic level). Espinoza and Bertrand (2008) found a higher fraction of zooplankton during EN than in 1996 in anchovy stomachs. Modelled TL of anchovy increased from 2.35 to 3.17 from LN to EN conditions (Table 5) . Consequently, the TL of piscivorous groups (large pelagics, seabirds, pinnipeds) also increased. Anchovy biomass reduction left sardine consumption of diatoms and dinoflagellates to increase slightly during EN, possibly in compensation for the increased competition with remaining anchovy for zooplankton, and because sardines are more efficient removers of small particles than anchovy (van der Lingen et al., 2006) . IMARPE zooplankton sampling (300 lm mesh size nets towed from 0 to 50 m depth) captures mainly mesozooplankton, while macrozooplankton, specifically euphausiids, are undersampled due to their deeper distribution. For this reason, biomass of macrozooplankton was estimated within the model, resulting in 21.1 t km À2 during 1995-96, and 34.8 t km À2 during 1997-98. These high estimates are nevertheless conservative given that they were back-calculated using an ecotrophic efficiency of 0.95. Back calculations must be taken with caution and should ultimately be complemented with dynamic approaches using Ecosim, preferably with long time series of functional groups biomasses, in order to better constrain the estimates (Guenette et al., 2008; Taylor et al., 2008a) . Nevertheless, the existence of such a high macrozooplankton biomass is supported by Antezana (2002a) who described Euphausia mucronata with SHCE biomass values up to 500 g wet weight per 1000 m 3 within the oxygen minimum layer (Antezana, 2002b) . also estimated high biomasses of euphausiids to meet the consumption requirements of model predators. Their estimates ranged from 73.6 to 106.3 t km À2 off central Chile. Moreover, the temporal variation of the diet of anchovy reported by Espinoza and Bertrand (2008) emphasized the importance of zooplankton over phytoplankton. All these evidences point to a high biomass of macrozooplankton in the NHCE as a prey of several species, especially during EN conditions when diatoms biomass diminishes. The apparent paradox of a high macrozooplankton biomass during EN conditions despite low phytoplankton biomass is explained by the lower consumption of diatoms by anchovy, leaving remaining phytoplankton for other species.
Trophic flows
A comparison of ecosystem indicators of both models (1995-96 and 1997-98 ) is presented in Table 6 . According to Ulanowicz (1997) , the 'size' of an ecosystem can be measured by its total activity in terms of energy flows, or by the total system throughput. In addition to the total biomass reduction (À26.7%), total system throughput reduced dramatically (À58.7%), along with a reduction of absolute energy flows for prey consumption, exports, respiration and to detritus. This reduction in the size of the modelled ecosystem in terms of total energy flows during EN is well-reflected in the energy flow pyramids (Fig. 4) , where the volume of each compartment representing a trophic level is proportional to the total throughput of that level, and the top angle of the pyramids was made inversely proportional to the geometric mean of the transfer efficiencies between trophic levels.
A large decrease in total primary production during EN (À59.5%) exerted a bottom-up control and decreased ecosystem ''size" or total system throughput in the model. During EN the percentage contributions of total system throughput (Table 6) shows slight changes, on one hand an increase in consumption, and on the other hand a reduction in exports and flows into detritus. The relative reduction in exports and flows into detritus apparently reflects an increase in grazing by meso-and macro-zooplankton on phytoplankton in the model. These percentage flow changes were however small, indicating that although EN dramatically alters the system's absolute size, the relative flow of energy between functional groups seems largely unaltered.
While a comparison between ecotrophic models should ideally be based on a common model structure (Moloney et al., 2005) Table 3 Diet composition of functional groups after the model was balanced, during LN (1995-96) and EN (1997-98) . Values represent the fraction of the food intake in wet weight. insensitive to changes in trophic web topology, but is strongly affected by energy flow changes. Analysis of modeled prey consumption rates of predators (not shown) showed that horse mackerel, mackerel, hake and seabirds, consumed 28% and 46% of anchovy production during LN and EN conditions, respectively. Medium hake mainly preyed upon anchovy, sea robin, small pelagics and small demersals, while jumbo squid preyed upon mesopelagics and macrozooplankton.
Prey/ predator
Transfer efficiencies during LN conditions were similar as for other upwelling systems with most transfer efficiencies under 10% (Christensen and Pauly, 1995) , except for a peak value at trophic level III (17%) due to high utilization of anchovy production (Fig. 5) . The slight reductions of transfer efficiencies at high trophic levels during the EN conditions could reflect bottom-up control effects of anchovy over pinnipeds and seabirds. Majluf (1989) mentioned that reductions in the availability of anchoveta cause fur seals have to take a wider range of prey. Tovar et al. (1987) concluded that a lack of food is the ultimate cause for the mass mortalities of seabirds, as for every EN there is a corresponding decline of guano bird numbers. In general, during EN there was an increased utilization of energy at lower levels, while higher trophic levels have similar transfer efficiencies.
Consumption of macrozooplankton increased by 65% during EN conditions, assuming it was the main prey group in both periods for mesopelagic fishes. During EN, several immigrants come from equatorial and oceanic waters, such as chondrichtyans, mesopelagics (lightfish and lanternfish), other small pelagics and other large pelagics, which could impact different trophic levels. Mesopelagic Vinciguerria sp. are known to move towards the coast during EN, providing prey for jumbo squid. The increasing trend of jumbo squid, after 1997-98 EN, occurred in parallel to an increase of mesopelagics, thus a possible bottom-up control of mesopelagics over jumbo squid was explored with dynamic simulations (Taylor et al., 2008a) .
Ecosystem indicators
Percentage changes of modelled ecosystem indicators from LN to EN (Table 6) showed that the overall reduction in primary production during EN, produced coherent changes in trophic, fisheries, energetic and network indicators. Fishery indicators showed a reduction in catches, accompanied by lower catch/biomass ratio and pelagic catch/demersal catch ratio, but higher trophic level of the catch and primary production required/catch ratio. In the NHCE, the mean trophic level of the catch increased temporarily (+19%) during EN, mainly due to the increase of anchovy trophic level and a higher proportion of other species in the catch (e.g. mackerel, horse mackerel and other large pelagics). When only demersal fishes are taken into account, trophic level of the catch decreased during EN (from 3.66 to 3.34). However, at a larger spatio-temporal scale, the mean trophic level of the catch showed a decreasing trend from 1980 to 1994 in the South Eastern Pacific (Pauly et al., 1998) , suggesting a fishing down the food web process, probably due to the recovery of anchovy, the main target species at low trophic level. Primary production required to sustain the fishery is a function of the trophic level of the species that are caught, as more primary production is required to produce one tonne of a high-level trophic fish, than of a low-level trophic fish.
Thus, despite lower catches during EN (À41%), the increased trophic level of target species resulted in a higher primary production required/catch (+39%), which implies an ecologically costly fishery and stresses the need for precautionary management during and after EN.
Most energetic indicators (net system production, net primary production and primary production/biomass ratio) decreased during EN (Table 4) , except the higher system biomass/throughput ratio, apparently indicating a more energetically efficient ecosystem (Odum, 1969) during EN. However, network indicators such as lower Finn's cycling index and relative ascendency indicated a less ''organized" ecosystem during EN, which according to Ulanowicz (1986) reflects lower ecosystem growth and development. This result is similar to that of Jarre and Pauly (1993) who estimated a seasonal decrease of cycling in winter and spring, due to lower biomasss and activity of zooplankton and benthos as the principal consumers of detritus. During the LN conditions trophic flows were more articulated, channelling energy flows mainly through anchoveta and showing better adaptation of cold water species to upwelling conditions. Using models before and after the anchovy collapse, Pauly (1987) also mentioned that the Peruvian upwelling ecosystem was better organized before 1972-73 EN than thereaf- Table 4 Ecosystem indicators and their definitions.
Ecosystem indicator
Definition (Christensen et al. 2005 )
Trophic indicators
Total system throughput Sum of all flows in a system, represents the size of the system in terms of flows Total net primary production Summed production from all primary producers. Primary producers are groups that capture energy through photosynthesis (e.g. phytoplankton and benthic algae) Mean transfer efficiency Geometric mean of transfer efficiencies for trophic levels II-IV Connectance index
Ratio of the number of actual links to the number of possible links. It can be expected to be correlated with maturity Mixed trophic impact Combined direct and indirect trophic impacts that an infinitesimal increase of any of the groups is predicted to have on the other groups of the ecosystem
Fishery indicators
Mean trophic level of the catch Sum of trophic levels of species in the catch weighted by their contribution to the catch Gross efficiency of the fishery
The sum of all realized fisheries catches relative to the total net primary production Primary production required to sustain catches (PPR)
Flows in each path towards the catch of a group are converted to primary production equivalents using the product of catch, production/consumption and the proportion of each group in the path in the diets of the other groups
Energetic indicators
System primary production/respiration Ratio between total primary production and total respiration. In mature systems, the ratio should approach 1 System primary production/biomass Ratio between total primary production and total biomass. In mature systems, the ratio should decline System biomass/throughput Ratio between total biomass and total system throughput. In mature systems, the ratio should increase
Network indicators
Finn's cycling index Fraction of an ecosystem's throughput that is recycled Relative ascendency
Ratio between ascendency and developmental capacity, a measure of ecosystem network efficiency (organization) ter. On a smaller spatial scale, Taylor et al. 2008b also found a similar increase in energetic efficiency and decrease in ecosystem organization at Independencia Bay during EN.
In general, biomass and trophodynamic changes indicated that during 1997-98 EN, the ecosystem temporarily moved from its original optimum operating point (Kay, 1991) , but returned to it, in Table 5 Model outputs of the NHCE during (a) LN and (b) EN. Trophic level (TL), biomass (B), production (P), consumption (Q), ecotrophic efficiency (EE), gross efficiency (GE), catch (C), fishing mortality (F), non-predatory mortality (M0) and predatory mortality (M2). Parameters in bold were estimated by the model. agreement with the consideration that EN is a typical perturbation to the NHCE.
Conclusions
While past ecotrophic modeling efforts in the NHCE dealt with interdecadal changes (Jarre et al., 1991) , this study focused on the interannual changes associated with El Niño and the Southern Oscillation (ENSO) cycle. The main finding of previous models was a decrease in relative ascendency from the 1950s to the 1970s, after the decline of the anchoveta, which led to an increase in parallel energy transfer and food web connectance, as energy flows through anchovy were channeled through other species. Our models, with increased details in the planktonic and demersal groups, and incorporation of mesopelagic fishes and jumbo squid, determined three main impacts of EN on the food web: (i) dramatic Biomass change (%) but temporary shrinking of ecosystem size in terms of flows and ecosystem organization, (ii) slight changes in overall functioning (i.e. proportion of energy flows used for respiration, consumption by predators, detritus and export), and (iii) use of alternate pathways through more zooplankton predation on primary producers, leading to a higher impact of the fishery on ecosystem flows. Consequently, trophic level of piscivorous groups also increased. Sardine consumption of diatoms and dinoflagellates increased in order to compensate for the increased competition with anchovy for zooplankton, and because sardines are more efficient removers of small particles than anchovy (van der Lingen et al., 2006) . A high biomass of macrozooplankton was needed to balance the con- sumption by planktivores, especially during EN conditions when diatoms diminish dramatically. In these conditions, macrozooplankton consumed the remaining phytoplankton left by the reduced anchovy population. EN increased temporarily the trophic level of the catch, and despite lower catches, the higher PPR/catch ratio implied a stronger ecological impact of the fishery, which stresses the need for precautionary management during and after EN. Energetic indicators showed lower system primary production/biomass ratio during EN indicating a more energetically efficient ecosystem, however network indicators showed a lower cycling index, especially at higher trophic levels, and relative ascendency suggesting a less organized ecosystem during EN conditions. These results give support to our general hypothesis that EN is a typical perturbation in the NHCE.
